Biochar is a source of carbon with physico-chemical and biological properties that allow it to promote microbial growth, to absorb moisture and to improve the adsorption and/or degradation of pesticides. We evaluated the effects of biochar as a partial replacement of commercial peat in the pesticide-degrading biomixtures of a biopurification system known as a biobed. Each biomixture was prepared with one type of soil (clay, trumao and sandy), straw, peat and biochar in different volumetric proportions. In each biomixture, the residual pesticide (atrazine, carbendazim, chlorpyriphos, isoproturon, iprodione and diazinon) concentration, the pH, and the levels of organic carbon (OC) and total Kjeldahl nitrogen (TKN) were measured at the beginning (day 0) and the end (day 40) of the pesticide degradation assay. The obtained results demonstrated that at day 0, the pH of the biomixtures, regardless of soil type, increased incrementally with increasing amounts of biochar, whereas the OC and TKN values remain constant. At the end of the pesticide degradation assay, changes were observed in the biomixtures that demonstrated differences among their pesticide degradation abilities. In general, pesticide degradation was higher in the control biomixtures (without biochar) than in biomixtures prepared with biochar. An exception was the pesticide iprodione, which presented a higher degradation efficicency when biochar was included in the biomixture. Although the use of biochar as a replacement of peat in the biomixtures did not significantly improve pesticide degradation, a decrease in the initial residual concentration of the pesticides was observed. Therefore, biochar may represent an interesting material to replace peat in biomixtures designed to degrade and/or adsorb pesticides.
INTRODUCTION
Biochar is a carbon-rich product derived from the pyrolysis of biomass.It is ubiquitous and potentially effective in the sequestration of environmental contaminants. 1 Biochar can be produced from a wide range of organic feedstock under different pyrolysis conditions. The type of feedstock used and the way it is pyrolysed determine the physical and chemical properties of the biochar produced. 2 3 The resulting biochar may contain several functional groups and typically has a porous structure that supports environmental and catalytic processes. 3 Biochar is an excellent source of organic matter to add to soil because it acts as a support material for several * Author to whom correspondence should be addressed. Email: mcdiez@ufro.cl applications and adsorbents that remove pollutants. [4] [5] [6] Gonzalez et al. 7 reported that biochar could be used as a support material for the development of controlled release fertilisers and bio-molecule immobilisation techniques. Zeng et al. 8 evaluated the ability of unmodified biochar to sorb atrazine and simazine, exploring its potential environmental benefits such as mitigating pesticide pollution in agricultural production and removing contaminants from wastewater. However, the use of biochar obtained from the pyrolysis of lignocellulosic biomass has not yet been documented, specifically in new applications related to high value-added products or as part of a biopurification system.
Modern farming and food production requires high quantities of pesticides, but the nearby surfaces and groundwater can be contaminated due to inadequate management.
To minimise the environmental spillages that result from agricultural spraying equipment, a low-cost biopurification system known as a biobed was developed in Sweden and has been in use since 1993. 9 The biobed is an excavation dug into the soil, sealed along the bottom and filled with a biomixture composed of soil, peat and straw. The biomixture retains and later degrades the pesticides in situ, minimising the soil and water contamination.
An adequate biomixture promotes the binding and retention of pesticides and contains a robust microbial flora that has an efficient pesticide degradation capacity. The microbes must be able to tolerate pesticide dosing not only at high concentrations but also with repeated applications and in mixtures. 9 10 The straw, already generally available on farms at low cost, stimulates the growth of ligninolytic microorganisms (such as white-rot fungi) and their production of extracellular ligninolytic enzymes like phenoloxidases (peroxidases and laccases). Ligninolytic enzymes have broad specificity, making them suitable to degrade a mixture of pesticides. The soil is an important source of microorganisms in the biomixture of a biobed, and pesticide-degrading bacteria can act synergistically with the fungi. Additionally, soil can enhance the adsorption capacity of the biobed due to it humus and clay content. The peat contributes to adsorption capacity, moisture control and the abiotic degradation of pesticides. In addition, peat decreases the pH of the biomixture, which is favourable for fungi and their pesticide-degrading enzymes. 11 Several studies had been conducted to alter or replace some components of the biomixture. The straw has been replaced by several materials, including chitin, citrus peels, vine branches, coconut by-products, lignocellulosic materials and composted farmyard manure, among others. [12] [13] [14] Despite those studies, little to no information exists about replacing the peat in a biomixture. Peat is a scarce material of high cost and may be subject to restrictions in the future, so a replacement material with similar properties must be found. Biochar can be used as an alternative to peat because it can increase the water-holding capacity of the biobed. It can also provide additional cation exchange sites and serve as a source of reduced carbon compounds that may benefit local microbial populations. 15 Additionally, the pH of biochar can range from 4 to 12, depending on the feedstock and pyrolysis conditions used to make it. 4 Therefore, the goal of this study was to evaluate the effect of biochar as a partial replacement for commercial peat in biomixtures formulated with different soil types for the degradation of a mixture of pesticides.
MATERIALS AND METHODS

Chemicals
Analytical standard grade atrazine (ATZ, 99% purity), isoproturon (ISP, 99.3%), iprodione (IPR, 99.1%), chlorpyrifos (CHL, 99%), diazinon (DZN, 99%) and carbendazim (CARB, 99%) were purchased from Chem Service (West Chester, USA). Stock solutions (1000 mgL −1 ) of the above analytical standard grade chemicals were prepared in acetone. Formulated pesticides containing the active ingredients ATZ (Atrazina 500SC), ISP (Fuego 50SC), IPR (Rovral 50 SC), CHL (Chlorpirifos S480), DZN (40% WP), and CARB (Itabarb 50%) were used in the degradation studies.
Soils
Three types of soils with different physico-chemical characteristics were used to prepare the biomixtures. The soils were collected from agricultural locations in the region of La Araucanía, located in southern Chile (38 44 24 S, 72 35 25 W), at a depth of 0-20 cm. The soils were air dried at room temperature and sieved through a 2 mm mesh.
Preparation of the Biochar
The biochar was directly obtained from the biomass boiler of a soft-board mill, typically using Pinus radiata as feedstock. Combustion was carried out at 500 C. The boiler had a feedstock capacity of 35 ton h −1 and produced 30 to 40 tons of biochar (ashes) per month. The biochar had a dark colour due to the partial combustion of the biomass. It was sieved to obtain a particle size of 1-2 mm in length and maintained at room temperature in low humidity conditions.
Preparation of the Biomixture
The biomixture was prepared by mixing one of 3 different soils (clay, sandy or trumao soil) with wheat straw, commercial peat and biochar in the volumetric proportions given in Table I . Control biomixtures with straw (50%), peat (25%) and clay soil (control 1), trumao soil (control 2) or sandy soil (control 3) (25%) were prepared for comparative effects. Before the components were mixed, the soils were maintained at 60% of their water holding capacity (WHC). The wheat straw was chopped to obtain pieces smaller than 2 cm in length. All of the components were mixed thoroughly in the proportions described and were incubated for 30 days at 20 ± 1 C. Distilled water was added to maintain the biomixtures at 60% of their WHC. Notes: Biomixtures 1 through 4: clay soil (25%) and straw (50%); biomixtures 5 through 8: trumao soil (25%) and straw (50%); biomixtures 9 through 12: sandy soil (25%) and straw (50%).
Pesticide Degradation in the Biomixture
Samples of each pre-incubated biomixture were placed in glass deposits (40 × 25 × 15 cm) and spiked with a mixture containing the commercial pesticides ATR, ISP, IPR, CHL, DZN and CARB (100 mg kg −1 of each pesticide). The pesticides dose applied was approximately ten-fold above the recommended field dose, to simulate a pesticide spill on the biomixture. They were then incubated for 40 days at room temperature (20-25 C). The moisture content was maintained at 60% of WHC by the addition of distilled water. Each experiment was carried out in triplicate, and biomixtures composed of only soil (25%), peat (25%) and straw (50%) were used as the controls. The residual pesticides and the phenoloxidase activity in each test biobed were periodically measured.
Extraction and Quantification of Pesticides
The residual pesticides concentration in the biomixture was determined by HPLC after extracting the pesticides (CHL, CARB, IPR and DZN) with acidified acetone (acetone, water and concentrated phosphoric acid in a volumetric ratio of 98:1:1, respectively) and methanol for ATR and ISP. Briefly, 5 g of biomixture was mixed with 30 mL of acidified acetone or methanol and incubated for 2 h at 25 C while shaking (350 rpm). Later, the samples were sonicated for 30 min, then centrifuged at 10,000 rpm and filtered through a PTFE membrane (0.2 m pore size; Millipore). The HPLC system consisted of a Merck Hitachi L-2130 pump, a Rheodyne 7725 injector with a 20 L loop and a Merck Hitachi L-2455 diode array detector. Separation was achieved using a C18 column (Chromolit RP-8e, 5 m, 4 6 × 100 mm). Eluent A was 1 mM ammonium acetate and eluent B was acetonitrile. The gradient conditions used for pesticide separation were as follows: 95% A for 0-2 min, 95-70% A for 2-4 min, 70% A for 4-7 min, 70-30% A for 7-12 min, 30% A for 12-16 min, 30-95% A for 16-17 min and 95% A for 17-20 min. The flow rate was set to the following conditions: 1.0 mL min −1 from 0-12 min, increasing from 1.0 to 2.0 mL min −1 for 12-16 min and constant at 2.0 mL min −1 for 16-20 min. The column temperature was maintained at 30 C. The detector was set at 220, 245 and 290 nm for data acquisition. Instrument calibration was performed against pure reference standards (0.1-10 mg L −1 ) for each compound. Average recoveries for the pesticide were ATZ (94±1 7%), ISP (91 ± 1 1%), IPR (92 ± 2 2%), CHL (101 ± 0 7%), DZN (89 ± 2 4%) and CARB (91 ± 1 5%).
Analytical Methods
The physico-chemical analyses of each component (soils, peat, straw and biochar) as well as of the prepared biomixtures were carried out using the methodology described by Sadzawka et al. 16 The soil pH was measured using a mixture of air-dried substrate and deionised water (1:5 w/v). Available nitrogen (the sum of ammonia-N and nitrate-N) was extracted by 2 mol L −1 KCl and quantified by titration with HCl (ammonia) or specific electrodes (nitrate). The organic carbon (OC) content was determined by combustion at 550 C, and the organic matter content was calculated as the organic carbon content multiplied by a factor of 1.724. The total Kjeldahl nitrogen (TKN) analysis determined both the organic and the inorganic forms of nitrogen. The water holding capacity was measured gravimetrically following saturation of the biomixtures (30 g), with distilled water and Whatman No. 1 filter paper in the funnel allowed to drain for 24 h.
Statistical Analysis
All of the experiments were carried out in triplicate. The data were subjected to a one-way analysis of variance (ANOVA). Where significant differences were observed, the means were separated using Tukey's minimum significant difference test (with a significance level of p ≤ 0 05).
RESULTS
The characterisation of the biomixture components (given in Table II) shows that the trumao soil had a higher content of organic matter (11.7%) than did the clay soil (3%) or sandy soil (2%). However, the amount of organic matter in the other components was very high compared with the soils, i.e., 78.6, 63.1 and 75.2% for biochar, straw and peat, respectively. Biochar had an alkaline pH (10.3), while straw and peat had pH values near 6. The total Kjeldahl nitrogen levels were similar in peat and straw (0.57%) but much lower in biochar (0.165%). The biochar used had a specific surface area of 22.6 m 2 g −1 , a pore volume (Vp) of 0.014 cm 3 g −1 , an average pore diameter (Pd) of 21.5 Åand a carboxylic group value of 0.19.
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The composition of the biomixtures at the beginning (day 0) and at the end (day 40) of the pesticide degradation assay are presented in Table III . At day 0, the pH of each biomixture was incrementally increased proportional to the amount of biochar added. In the clay soil biomixture, the pH increased from 5.14 when 5% biochar was included to 7.41 when 20% biochar was included. In the trumao soil biomixture, the pH increased from 6.10 to 7.27, and in the sandy soil biomixture, the pH increased from 6.19 to 8.21. The organic carbon (OC) and total Kjeldahl nitrogen (TKN) contents in the biomixtures were not affected at day 0 by the addition of biochar. Instead, the differences observed were associated with the soil type; the biomixtures made with trumao soil (biomixtures numbered 5 to 8) showed the highest OC and NTK values. The highest C/N ratios, varying from 78.8 to 110, were found in the biomixtures made with clay soil. The lowest C/N ratios were obtained in the biomixtures made with trumao soil, varying from 42.3 to 55.9. The values of OC and TKN in the control biomixtures were similar to those found in all the biomixtures at the start of the degradation assay, though their pH values were lower than the pHs of the biomixtures containing biochar (Table III) . By the end of the pesticide degradation assay (day 40), changes in the composition of the biomixtures were observed (Table III) . In the biomixtures made with clay soil (biomixtures 1 to 4), the pH increased throughout incubation in all biomixtures. The opposite effect was observed in the OC and TKN values, which decreased with time. However, the C/N ratio remained fairly constant across both sampling times, with the exception of biomixture 3, in which the C/N ratio decreased from 111.2 to 78.8. In the biomixtures made with trumao soil (biomixtures 5 to 8), the pHs values and OC content were lower at the end of the assay. TKN increased over time in biomixtures 5 and 6, decreased in biomixture 7 and remained constant in biomixture 8. Finally, the biomixtures made with sandy soil (biomixtures 9 to 12) showed lower pHs and OC levels, but highest TKN values. Due to the high values of TKN at day 40 of incubation, the C/N ratio in these biomixtures decreased greatly (53, 52, 55 and 45% for biomixtures 9, 10, 11 and 12, respectively). In all of the control biomixtures, the pHs and OC levels decreased during incubation, whereas TKN slightly increased (Table  III) , due to the microbial activity occurring while the pesticides were degraded. Figure 1 shows the results of pesticide degradation in all biomixtures each prepared with one of three soil types and increasing quantities of biochar (5 to 20%) for peat substitution. After 40 days of incubation, pesticides degradation was significantly different (p ≤ 0 05) in all biomixtures studied. In general, the amount of biochar did not directly affect pesticide degradation. However, a decrease in the degradation of ATZ, CARB, CHL and ISP was observed when a large amount of biochar was added to the biomixtures prepared with clay soil (biomixtures 1 to 4). A prime example of this situation was the chlorpyrifos removal rate, which decreased from 65% in the control to 18% when 20% biochar was added (biomixture 4). For biomixtures made with trumao or sandy soil, a high degradation rate of all pesticides was observed (over 50%) regardless of their different chemical characteristics.
For the ATZ, CARB and CHL pesticides, the highest degradation rates (over 60%) were observed in biomixture
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Biochar 1 (clay, with 5% biochar and 20% peat), biomixture 7 (trumao, with 15% biochar and 10% peat) and biomixture 9 (sandy, with 5% biochar and 20% peat). For ISP, the highest degradation was obtained in biomixture 1 (68%) and in biomixtures 5 through 12 (over 50%), with the exception of biomixture 6 which had a degradation rate of 40%. For IPR, the highest degradation rates were obtained in biomixtures prepared with trumao and sandy soils (biomixtures 5, 7, 10 and 12). Finally, the degradation of DZN was high (over 50%) in all biomixtures except number 4, which was prepared with clay soil (20% biochar and 5% peat).
In general, the degradation of most pesticides (ATZ, CARB, CHL, ISP and DZN) was higher in the control biomixtures prepared with clay, trumao or sandy soil (25% each), straw (50%) and peat (25%) than in the biomixtures prepared with biochar (Biomixture 1 to 12, Table   III ). However, the degradation of IPR was higher in the biomixtures made with biochar and either trumao or sandy soil than in the respective control biomixtures, except in clay biomixtures 2 and 4 ( Fig. 1). 
DISCUSSION
The components of the biomixtures and their composition are both very important in promoting the adsorption and biological degradation of pesticides. A successful biomixture must have a high biological catalytic activity to degrade pesticides. 9 The biochar can be considered as a biobed biomixture component because it is a source of carbon and has stable physico-chemical and biological properties that promote microbial growth, maintain the moisture of the biomixture and improve the adsorption and degradation of pesticides. 4 Therefore, in relation to the properties of biochar, we determined that its use would be interesting as partial replacement for peat, because the future use of peat may be restricted by its status as a nonrenewable resource. Zheng et al. 8 evaluated the ability of an unmodified biochar to sorb two triazine pesticides. They demonstrated that biochar exhibited a high sorption affinity for these pesticides, suggesting that biochar may effectively reduce pesticide residues in contaminated sites. In the same way, Yu et al. 18 demonstrated that biochar effectively reduced the bioavailability of two pesticides (chlorpyrifos and carbofuran) in soil due to its high ability to sequester pesticide residues.
The influence of the biochar amount in our tested biomixtures showed initially in an incremental pH change (on day 0) in comparison to the control biomixtures (without biochar). Biochar is alkaline, hence the basic effect observed in the biomixture. Although very little information exists regarding the effect of biochar on pH of biomixture. In this context, studies developed by Van Zwieten et al. 19 demonstrated that biochar tends to increase the soil pH, making it more alkaline. On the other hand, in biomixtures made with clay soil, the pH was also increased at the end of assay (day 40) and the pesticides were degraded more slowly than in biomixtures made with trumao or sandy soil. This effect could be explained because biochar can change the composition and abundance of biological community of the biomixture, either stimulating or suppressing the biological activity that degrades the pesticides. 15 However, biochar may not have been the responsible for the microbial change. Coppola et al. 20 demonstrated initial changes in microbial diversity occurring after the addition of pesticides to a biomixture, which later returned (after 70 days) to approximately the levels of the control biomixture (without pesticides).
Pesticide degradation was significantly different in all of the biomixtures studied, likely due to the following factors: (i) The influence of biochar on the properties of the biomixture, (ii) The characteristics of the different soil types, and (iii) the physico-chemical properties of the pesticides (Table IV) .
The soil type can be an important factor in the preparation of a biomixture that includes biochar. In our study, the biomixture made with clay soil showed less pesticide degradation efficiency than did those made with trumao or sandy soil. The most important differences between the soils are the levels of organic carbon and N. The trumao soil had the largest amounts of organic carbon (11.7%) and available N (18.6 mg/kg) (Table II) , possibly causing its higher biological activity and consequently greater pesticide degradation. Although the biomixtures made with clay or sandy soil had similar organic carbon and N levels, the degradation capabilities between them were different. This last effect could be because the sandy soil provides a higher porosity and aeration for a biomixture, favouring the oxidative process of pesticide degradation.
Other important factors influencing the pesticide degradation in a biomixture made with biochar are the physicochemical properties of the pesticides themselves, such as their water solubility (S), adsorption coefficient (K oc ), octanol/water partition (K ow ) and dissociation constant (pKa) ( Table IV) . For example, ATZ, CARB and DZN are dissociable molecules therefore, their availability and consequently adsorption and degradation can be affected by the net charge and pH of the biomixture. A decrease in the degradation of ATR, CARB and DZN in the biomixtures composed with clay soil (numbered 1 to 4) was observed, likely due to an adsorption effect caused by a component of soil (clay minerals) and biochar. In general, clay minerals are good adsorbents for dissociable molecules, especially in soil with low organic matter content as was the case in this study. However, clay can highly adsorb neutral molecules when the soil is at a pH over 7, as has been shown with CARB, 21 which could explain the decrease in ATR, CARB and DZN degradation as the amount of biochar increases in clay biomixtures. Increasing adsorption could drastically reduce the pesticide bioavailability and limit the contribution of biodegradation to the overall pesticide dissipation in a biopurification system. 10 However, future studies of adsorption-desorption mechanisms are necessary to clarify this behaviour. Similarly, CHL showed a lower degradation rate in clay soil when the amount of biochar was increased, which could be attributed to a strong adsorption process in biochar. Considering the chemical properties of CHL (K oc > 6000), a high affinity for this component can be expected, make it less available to microbial degradation. Biochars are highly aromatic in nature and are therefore expected to more strongly sorb pesticides and other compounds in soil than organic carbon. 6 In the case of IPR, the degradation was higher in the biomixtures made with biochar and trumao or sandy soil than in the control, demonstrating that biochar improved the dissipation of this compound in these biomixtures. In this context, this response could be explained by a pH effect of the biomixture, because IPR transformation could benefit from higher pH values (Table  IV) . Walker et al. 22 demonstrated that the transformation of iprodione in soils with pH < 5.5 tends to be slower than that of soils with higher pH. However, future assays are necessary with the finality to understand the process and interaction of biochar associated to soil on pesticides behaviour.
CONCLUSION
Some promising conclusions may be derived from this study:
(1) The pHs of the biomixtures, made with clay, sandy or trumao soil, increase incrementally with the addition of biochar, whereas the OC and TKN values remain constant. (2) At the end of the pesticide degradation assay, changes in the characterisation of the biomixtures such as pH and C/N ratio were observed over time, and the pesticide degradation differed between all of the biomixtures prepared. ( 3) The pesticide degradation was typically higher in the control biomixtures (without biochar) than in the biomixtures prepared with biochar. An exception was the case of pesticide iprodione, which presented higher degradation efficiency in mixtures including biochar. Although the use of biochar as a replacement for peat in biomixtures caused no significant increase in pesticide degradation, a decrease in the initial residual concentration of the pesticides was observed.
Therefore, biochar may represent an interesting material to replace peat in biomixtures meant for the degradation and/or adsorption of pesticides.
